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Summary
The primary goal of this research was the development of an enabling technology for DNA computing. It is focused on the construction of a biomolecular architecture designed to employ new algorithmic paradigms based on the massively parallel computational power of DNA hybridization. The intent is to develop a computing basis to eventually overcome the exponential time complexity of many discrete math problems so that they can be solved in linear real time. Many of these computationally hard (NP) problems are critical to logistics, scheduling and security. In this way, this research address computational, national security and knowledge acquisition challenges of the Air
Force. In this report we:
1. Give new metrics for cooperative DNA code design that capture key aspects of the nearest neighbor thermodynamic model for hybridized DNA duplexes.
2. Show how DNA computing can be applied to the identification of independent sets in a graph.
3. Show how our software uses our new metrics to construct a biomolecular computing architecture to address the identification of independent sets in a graph.
Introduction
DNA codewords are structural and information building blocks in biomolecular computing and other biotechnical applications that employ DNA hybridization assays.
Thermodynamic distance functions are important components in the construction of DNA codes. We introduce new metrics for DNA code design that capture key aspects of the nearest neighbor thermodynamic model for hybridized DNA duplexes. One version of our metric gives the maximum number of stacked pairs of hydrogen bonded nucleotide base pairs that can be present in any secondary structure in a hybridized DNA duplex without pseudoknots. We introduce the concept of (t-gap) block isomorphic subsequences to describe new string metrics that are similar to the weighted Levenshtein insertion-deletion metric. We show how our new distances can be calculated by a generalization of the folklore longest common subsequence dynamic programming algorithm. We give a Varshamov-Gilbert like lower bound on the size of some of codes using our distance functions as constraints. We also discuss software implementation of our DNA code design methods.
In this paper, all variables are nonnegative integers unless otherwise stated. n denotes the set 0, . . . , n  1 and n denotes the sequence 1, 2, . . . , n . Given two sequences  and  , we write    if and only if  is a subsequence of  . The length of sequence  is denoted by || . We call   n a string if and only if it is a subsequence of consecutive integers, e.g., 
We call G t n the set of t-gap sequences of (n). 3, 5] , [8, 8] , [11, 12] ;  2  [1, 3] , [6, 6] , [11, 12] ; [10, 10] , [12, 13] ; 4, 5] , [7, 10] . Then
we have that 
Definition 7. A t-gap block insertion-deletion q-ary code of weighted
.
Results, Discussion
Computing
For 1  m  n , consider the string m  1, n . For x, y  q n , let suf(x,y) be the length of the longest common suffix between x and y . Then sufx, y  0 if
we have that x 1,i is the first i entries of x and x 1,n  x. 
Sequences of t-Strings
In this section, we apply the results of previous sections to sequences of strings of length t (with particular attention to t  2 that naturally arise from x  q n . The goal is to then apply these results to the modeling of DNA hybridization distances.
Example 3. Let ,   16 be given in their block representations with
For x, y  q n with x   y  , we have that i    t if and only if i is the first index in a common t-string , x i,it1   y fi,fit1  , of the common subsequence
is the number of common t-strings that occur in the
common subsequence x   y  of x and y . In particular, |  2 | is the number of common 2-strings that occur in the common subsequence x   y  of x and y . This measure is of interest to us because when two DNA strands have a secondary structure in a duplex, the thermodynamic weight (e.g., free energy) of nearest neighbor stacked pairs of that secondary structure is a measure (not the measure) of the thermodynamic stability of the duplex with the given secondary structure. Since every secondary structure in the DNA duplex x : y between x and the complement, y , of y corresponds to a common subsequence, x   y  , between x and y, we have that |  2 | gives us the number of nearest neighbor stacked pairs in the x : y duplex with the secondary structure associated with x   y  . In general, |  t | gives us the number of common tstems in the x : y duplex with the secondary structure associated with x   y  . We now show how we compute the "total weight" of the common 2-strings that occur in the common subsequence x   y  of x and y . 
From a DNA duplex point of view, with    being the thermodynamic weight of the (virtual) stacked pairs of nucleotides (see Table 1 
that the maximum number of stacked pairs in a secondary structure of the duplex x : y is at most k while the number of stacked pairs in each of the x : x and y : y duplex is n  1 .
Conclusions
Applications to DNA Hybridization Distance Modeling
Single strands of DNA are, abstractly, A, C, G, T -quaternary sequences, with the four letters denoting the respective nucleic acids. DNA sequences are oriented; e.g., 
A Waston-Crick (WC) duplex results from joining reverse complement sequences in opposite orientations, e.g.,
Whenever two, not necessarily complementary, oppositely directed DNA strands "mirror" one another sufficiently, they are capable of coalescing into a DNA duplex. The process of forming DNA duplexes from single strands is referred to as DNA hybridization. The greatest energy of duplex formation is obtained when the two sequences are reverse complements of one another and the DNA duplex formed is a WC duplex. However, there are many instances when the formation non-WC duplexes are energetically favorable. In this paper, a non-WC duplex is referred to as a cross-
An n  DNA code is a collection of single stranded DNA sequences of length n . In DNA hybridization assays, the general rule is that formation of WC duplexes is good, while the formation of CH duplexes is bad. A primary goal of DNA code design is be assured that a fixed temperature can be found that is well above the melting point of all Clearly the duplex x : y can have many secondary structures. An important issue is to understand which secondary structure in the most energetically favorable.
The collection of complementary pairs in a given secondary structure of a duplex partitions the duplex in to pairs of substrings (or subduplexes)
that have the x i r , y j r  and x i r1 , y j r1  as endpoints. For example, in the x : y duplex presented as: 
This implies that the thermodynamic stability, Gx : x  and Gy : y  , of each 
represents the virtual stacked pairs gt and cg in the virtual secondary structure
Example 6. Given DNA sequences x  AATCCAACATTATTGC and y  GTCACATCATCAAGCC and using the  in Figure 5 , we have x 
In this case, We now discuss a problem that is of particular interest to us. Outflow from previous (red or black, but not both) filter is passed on to the next filter of the same color. The final outflow is the set of molecules that represent independent sets (black) or cliques (red). This system is for the graph(s) in Figure 7 . A universal system is described in Figure 10 . .
Biomolecular Computing Architecture
DNA Computing Strand Engineering
A A A A A A A A C C=T1 G G T T T T T T T T =BEAD PROBE (T1) T T T C C A A A A A, =F1 T T T T T G G A A A = BEAD PROBE (F1)
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Universal DNA Computer for any Graph on n Vertices
Each possible edge is an filter. Then depending on the problem, the flow is directed by the edges present (or absent) in the given graph Figure 10 . Universal DNA Independent Set Computer
t-Stem DNA Code Generation Software
We describe a program which we make freely available. The program(s)
generates DNA codes. Some of the inputs are: What is generated is a DNA code C such that:
1. x  C  |x |  n and x  C. Thus the WC complement of each strand in the code is also in the code.
Thus the maximum number of t i  stems in each CH duplex from C is at most s i . GGG or CCC as a substring. In addition, in any given WC pairs of DNA codewords, only one strand contains a G. This is achieved by selecting "ACT-AGT only" This strand will be used as the probe strand. Thus the WC complement of strand X is listed as Probe(X) below. Moreover, with the addition of the coupling constraint we also ensure that sequences that are formed in the middle of the junctions of any library strand T i T i1 , T i F i1 , F i T i1 , F i F i1 all obey the code constraints. This is to ensure that probes do not hybridize at locations where code strands are ligated into library strands. See Figure 10 .
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Cooperative DNA Codes with Coupling Prevents probes from bonding across ligated junctions
Yes bonding Good read Figure 11 . Cooperative DNA Code
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